Background: To assess the effects of long-term exercise on the onset of dementia, mild cognitive impairment (MCI), and other clinically meaningful cognitive decline in the elderly adults. Methods: Systematic review with preplanned meta-analysis. Electronic searches were performed between November 2016 and May 2017. Randomized controlled trials (RCTs) examining the effects of long-term exercise (intervention length 12 months or longer) on the onset of dementia, MCI, or clinically meaningful cognitive decline in older adults without dementia at baseline were eligible. Two authors extracted the data independently. Four binary outcomes were defined: dementia onset, MCI onset, other clinically meaningful cognitive decline, and any of these three outcomes combined. Results: Five studies (n = 2,878 participants randomized) were included in this review. Outcomes' incidence for exercisers and controls were, respectively: 3.7% (n = 949) and 6.1% (n = 1,017) for dementia (three studies), 10.2% (n = 686) and 9.1% (n = 682) for MCI (one study), 14.5% (n = 124) and 15.4% (n = 123) for other clinically meaningful cognitive decline (two studies), and 11.4% (n = 1,073) and 12.5% (n = 1,140) for all outcomes combined. Meta-analyses found no significant effects of exercise for reducing the risk of dementia, MCI, other clinically meaningful cognitive decline, or all outcomes combined. Conclusions: Evidence from RCTs is limited and does not support that exercise reduces the risk of developing clinically important cognitive outcomes. Further long-term exercise RCTs are needed before solid conclusions can be drawn.
Physical activity (PA) has been consistently found to be associated with a reduced risk of developing dementia (regardless of its subtype), Alzheimer's disease, mild cognitive impairment (MCI), and clinically meaningful cognitive decline as shown in several systematic reviews and meta-analyses of longitudinal observational studies (1) (2) (3) (4) as well as population-based analysis (5) . However, the effects of exercise, a subtype of PA that is systematic, repetitive, and purposeful often employed to improve or maintain physical capacity and function, on the cognitive performance of older adults are still mixed (6, 7) . Two recent meta-analyses (12 randomized controlled trials [RCTs] , n = 754 (6); and 25 RCTs, n = 2,217 (7)) of RCT in elderly individuals without known cognitive impairment found that aerobic exercise had no effects on the several cognitive functions analyzed, whereas Kelly et al.'s meta-analysis (7) provided limited evidence that resistance training (2 RCTs, n = 145 people included in the analysis) and Tai Chi (2 RCTs, n = 156 participants included in the analysis) slightly improved specific cognitive functions. Similar mixed results also apply to MCI, with meta-analyses overall showing no effects or small positive effects (8, 9) on cognitive outcomes. However, most RCTs included in those meta-analyses had a mediumor small-term intervention length (usually 6 months or less), which may constitute a methodological limitation since persistent relevant changes in cognitive function may require a longer time period, in particular for older people without known cognitive impairment.
Beside these inconsistent results, meta-analyses on the effects of exercise on cognition have used scores of scales (continuous variables) as cognitive outcomes; although sensitive to change and, therefore, appropriate for research purposes, those scales provide only limited information in terms of the clinical meaningfulness of cognitive changes. To the best of our knowledge, no meta-analysis has gathered data from RCTs of the effects of long-term (1 year or over) exercise interventions for preventing clinically relevant cognitive decline in the elderly adults.
The objective of this systematic review and meta-analysis of RCTs is to analyze the effects of long-term (1 year or over) exercise for preventing the onset of dementia, MCI, and clinically meaningful cognitive decline in older adult populations.
Methods
This systematic review and meta-analysis was registered in a publicly accessible registry, the PROSPERO database (registration number: CRD42016052690). Study report followed the PRISMA guidelines (10) .
Eligibility Criteria
Articles meeting the following criteria were eligible for inclusion in this review:
1. RCTs in which the length of the exercise intervention lasted 1 year or longer. The 1-year intervention interval was established on the basis of clinical (we assumed that this time frame would constitute a sufficient interval to provide clinically meaningful information) and feasibility factors; indeed, although longer intervals would certainly lead to more clinically relevant information on cognitive decline, we have foreseen that very few exercise RCTs would have lasted more than 12 months; 2. The study must have compared the effects of one or more exercise interventions against a control group (usual care or an active-control group, including control sham exercise groups, such as stretching and light-intensity exercises (ie, exercises < 3 metabolic equivalent tasks (11) according with the Compendium of PA (12)); 3. Study population must be composed of people with normal cognition (ie, without known cognitive impairment) or MCI. Studies in which population was composed of people with dementia were excluded; 4. Study population must be composed of people 60 years or over; 5. The study must have evaluated at least one of the outcomes of this review. All types of exercise interventions (type, frequency, intensity, duration) were eligible.
Search Strategy
One author performed the electronic searches between November 2016 and May 2017. We looked for articles in PubMed, the Cochrane Central Register of Controlled Trials (search performed for both databases on May 2, 2017), and PsychInfo/PsychArticles (search performed on November 29, 2016). The full search strategy is available in Supplementary Material (Protocol S-1). No language and publication date restrictions were used. Two raters performed title/abstract screening independently. After that, the full-text of potentially eligible studies was accessed. Divergences between raters on articles' eligibility were solved in a meeting (100% consensus on article eligibility was reached).
Outcomes
Four outcomes (all of them dichotomies) were defined: dementia onset (for cognitively intact people and MCI at baseline assessments), MCI onset (for cognitively intact people), clinically meaningful cognitive decline onset (for cognitively intact people and MCI), and onset of any of these three outcomes combined. The outcomes examined were assessed at the end of the intervention. The definitions of dementia, MCI, and clinically meaningful cognitive decline were identified in the original articles. For the outcome "clinically meaningful cognitive decline", our knowledge in the field of exercise RCTs in older adults led us to foresee that some studies would not have provided a clear definition for this outcome even if they assessed cognition. In such a case, and assuming that the MiniMental State Examination (MMSE) (13) would be the most used assessment tool for global cognitive function across studies, we set a two-point decline in the MMSE as a clinically relevant cut-off. Indeed, although no consensus exists on the minimum clinically relevant changes in the MMSE, authors have suggested that two-to four-point declines might represent true cognitive decline for older adults without dementia (14, 15) .
Data Extraction
For each study, two authors extracted the data independently using a standard data collection form. Divergences between raters were solved in a meeting (100% consensus regarding data extraction was reached). The first and/or corresponding authors of the included studies were contacted in the case data have been insufficiently reported in the original paper or to solve doubts reviewers had with regards to the data extracted.
Regarding group comparisons, we privileged comparisons made when the sole difference between groups was the exercise intervention. Studies with multidomain interventions, such as exercise training plus another intervention (eg, nutritional supplementation) compared to no intervention controls, were excluded from the review if reviewers considered that the nonexercise part of the intervention could impact any of the outcomes of this review.
Risk of Bias
The quality of included studies was assessed using the Cochrane Collaboration's tool for evaluating risk of bias (16) . It assesses seven bias-related domains (sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, selective outcome reporting, and other issues). For each of these domains, the risk of bias of studies was rated as low, high, or unclear.
Statistical Analysis
All outcomes of this study were binary. We combined the estimates for each study using the risk ratio (RR). Our knowledge about this research field led us to foresee a high heterogeneity across studies; therefore, we opted to use DerSimonian and Laird's random effects model (17) with Mantel-Haenszel method. Heterogeneity levels were assessed by visual inspection, and using the I 2 method (I 2 > 50% was considered substantial heterogeneity) (18) . Small-study effects were evaluated using the Egger's test (regression of estimates against their standard error), with p < .1 indicating substantial asymmetry. Funnel plots were computed for visual input. For the outcome dementia onset, we performed a sensitivity analysis by adding to the analysis data from Muscari et al. (19) ; although these authors have not formally diagnosed dementia in their study, they provided data for people who declined in the MMSE to a score between 20 and 23 at postintervention, scores that often characterize people with probable dementia (a MMSE score < 24 is overall accepted as dementia (20) (21) (22) (23) (24) , even though the MMSE does not constitute a diagnostic tool (25) ). For all outcomes, we undertook sensitivity analysis by using fixed effects instead of random effects when the meta-analysis included at least two studies and I 2 < 50%. The very small number of studies included in this meta-analysis impeded us to undertake preplanned sensitivity/subgroup analyses as described in the protocol.
When cluster RCTs were included, we looked for appropriated intracluster estimates from external databases (26) (27) (28) . We then estimated the effective sample size for the cluster RCTs by dividing the sample size of the original study by the design effect. If no appropriate estimate was available, we presented unadjusted estimates. All analyses were performed using STATA version 14 (College Station, TX: StataCorp LP).
Results
From the 1,888 initial hits obtained through the electronic searches, only five studies (19, (29) (30) (31) (32) ) met eligibility criteria and had information/data on the outcomes of interest of this review. Supplementary Figure S1 displays the flowchart of studies. The characteristics of included studies are presented in Table 1 . Two studies came from Hong Kong (the sole cluster-RCTs; intracluster estimates were not found in external databases. Therefore, unadjusted estimates were used for these trials) and one study came from each of Italy, United States, and Netherlands. Only one study had an intervention length higher than 12 months (31). All studies enrolled community-dwelling older adults, and one study also included people living in residential homes for the elderly adults (30) . Three studies included only MCI (29, 30, 32) , and the other two included people without dementia and/or with a MMSE ≥ 25. A total of 2,878 participants were randomized; sample size varied from 120 to 1,635 across studies. Two studies had more than two groups: Lam et al. (29) assigned participants to four groups, but only participants allocated to the exercise group alone and the social control group were included in this review and meta-analysis (people in the cognitive intervention group and cognitive + exercise group were excluded); whereas van Uffelen et al. (32) used a 2 × 2 design, with participants being allocated to walking + vitamin B, walking + placebo, sham exercise + vitamin B, and sham exercise + placebo: we combined the two walking groups (experimental participants) and the two sham exercise groups (control participants) and examined the whole study sample. Although van Uffelen et al. (32) did not report in their original publication any of the outcome measures of this review, authors had collected information on MMSE score and provided us with data on people who declined ≥ 2 points on this scale. The risk of bias (Supplementary  Table S1 ) of included studies was globally low (high-quality studies): as for any behavioral intervention, the risk of blinding participants/ personnel was high for almost all RCTs; allocation concealment may have been an issue for three studies (19, 29, 30) ; incomplete outcome data had a high risk for only one study (30) . Table 2 provides information on the exercise intervention and control group operationalized in the included studies. Exercise type varied: aerobic exercise in two studies, multicomponent training in other two studies, and Tai Chi in one study. Exercise sessions lasted from 30 to 60 min, and were performed from twice a week up to six times a week. In all studies, active control groups (instead of no intervention) were employed, with two studies using low-intensity sham exercises as the control activity. Table 3 shows the data gathered from the five studies per cognitive outcome: three studies provided data on dementia onset, only one on MCI onset, and two on clinically meaningful cognitive decline; all five studies provided data for the analysis of all outcome measures combined.
Dementia Onset
Three studies (29) (30) (31) had data on dementia onset and were entered in the meta-analysis. The incidence of dementia was 3.7% (n = 949) for exercisers and 6.1% (n = 1,017) for controls. As displayed in Figure 1A , exercise was not found to reduce the risk of dementia onset: RR = 0.56; 95% CI = 0.23, 1.36; p = .20. Heterogeneity was high (I 2 = 63.1%), but there was no evidence of small-study effects (Egger's test: p = .36). The funnel plot (Supplementary Figure S2) shows a lack of studies with small standard errors (SE; in overall, larger studies of better quality) favoring the exercise group as well as a lack of studies with larger SE favoring controls. Adding data from Muscari et al. (19) (Supplementary Figure S3) provided a trend toward a positive effect of exercise against dementia onset (RR = 0.57; 95% CI = 0.30, 1.10; p = .097), with less heterogeneity (I 2 = 46.8%) and no evidence of small-study effects (Egger's test: p = .14). Since the I 2 of this latter analysis was less than 50%, we performed a fixed effects meta-analysis: a significant effect of exercise in reducing the risk of dementia onset was found, with RR = 0.65; 95% CI = 0.44, 0.97; p = .03 (Supplementary Figure S4) .
MCI Onset
Only the LIFE study (31) has investigated the onset of MCI. The incidence of MCI was 10.2% (n = 686) for exercisers and 9.1% (n = 682) for controls. No effects (RR: 1.12; 95% CI = 0.81, 1.55; p = .49) of exercise compared to controls was found (Supplementary Figure S5) .
Clinically Meaningful Cognitive Decline
Two studies (19, 32) provided data on clinically meaningful cognitive decline. The incidence of this outcome was 14.5% (n = 124) for exercisers and 15.4% 
All Outcomes Combined
Only the study by Sink et al. (31) has provided data on more than one outcome of this review: dementia onset and MCI onset. Therefore, we extracted from Sink et al.'s study the combined data on dementia and MCI onset and used this data in the meta-analysis. The incidence of all cognitive outcomes combined was 11.4% (n = 1,073) for exercisers and 12.5% (n = 1,140) for controls. We did not find any benefit of exercise compared to controls (RR = 0.74; 95% CI = 0.43, 1.26; p = .27) for reducing the risk of any cognitive decline, as shown in Figure 1B ; heterogeneity was substantial (I 2 = 57.1%), but there was no evidence of small-study effects (Egger's test: p = .14). As for the outcome "dementia onset", the funnel plot (Supplementary a College educational level, 3MSE score was 91.5 (0-100 scale)) were 1635 (n = 1,490 with data on dementia onset) sedentary people aged 70-89 years who were at high risk for mobility disability (SPPB score ≤ 9), but who could walk 400 m (without assistance) within 15 min. They had no diagnosis of dementia or significant cognitive impairment. Two study groups: exercise (n = 818; n = 743 with dementia data) and controls (n = 817; n = 747 with dementia data). These exercises have metabolic equivalent tasks (MET) between ≥ 3 (which is considered as moderate or higher intensity (11)) according with the Compendium of physical activities (12) . Authors reported that the median adherence to both exercise programs (ie, walking and active controls combined) was 63% and that adherence rates did not differ between groups. Figure S8 ) showed a lack of both studies with small SE favoring the exercise group and studies with larger SE favoring controls.
Considerations on Sample Size and Power Calculations
Focusing on the dementia outcome (the most important clinical outcome for both clinicians and older adults) and using the data from this meta-analysis, we found that we had 69% power (POWER command in Stata v.14 for two proportions and using the chi-squared test) to detect a significant effect if the true difference in the proportions was the observed 0.024 difference between groups in the risk of dementia (6.1% in controls and 3.7% in exercise); to detect this difference in the proportions with 80% power, a sample size of 2538 subjects (n = 1,269 per study arm) would be needed.
Discussion
This review showed that only five RCTs of exercise lasting 12 months or more investigated clinically important cognitive outcomes in older adults. Results of the meta-analyses failed to find a positive effect of long-term exercise training in reducing the risk of onset of dementia, MCI, and clinically meaningful cognitive decline, as well as all these outcomes combined. The sensitivity analysis using a fixed effect approach and adding data from Muscari et al. (19) found a significant effect of exercise for reducing the risk of dementia onset by 35%. Although this result is promising, it must be interpreted with caution since it comes from a sensitivity analysis and should not be assumed as a definitive finding; indeed, since Muscari et al. (19) have not performed dementia diagnosis, this sensitivity analysis might have introduced bias if people considered as developing dementia would be false positives. Further RCTs are still needed to provide a robust response to the hypothesis that exercise decreases the risk of incident dementia.
To the best of our knowledge, this is the first review and metaanalysis gathering data on the effects of long-term exercise training on clinically important cognitive outcomes in the elderly adults. Although we found, globally, negative results, a few considerations are important to be observed: first, we identified a very small number of RCTs of exercise lasting 12 months or longer and that collected data on the cognitive outcomes of interest for this review; this is a finding in itself since it evidences an important gap in the literature. Second, the meta-analysis lacked power to detect differences between groups in the outcomes: for example, a sample of at least 1,269 people per study group would be needed to detect a difference with 80% power between exercisers and controls in the risk of developing dementia. Third, the control groups of all five included studies received active interventions. Although the control activities were probably less effective for improving cognition than the experimental interventions (ie, exercise training), it is not excluded they have benefited the cognitive function of control participants: indeed, light PA (sham exercises were operationalized in two of the included RCTs) has already been found to be associated with a reduced risk of clinically meaningful cognitive decline in observational prospective studies (33, 34) and social engagement (social interactions were promoted in group-based control activities in most included studies) is also considered a contributor for brain health (35); therefore, it is possible that benefits of exercise on cognition would be greater in magnitude if comparisons had been made against no-intervention controls. Such a hypothesis should be investigated before any conclusion is established. Fourth, due to the methodological difficulties in investigating relevant changes in cognition (large time intervals), we have had to arbitrarily set the 1-year interval as the minimum intervention length leading to clinically relevant changes in cognition; this procedure may have led to a floor effect, with very few participants reaching the outcome measures within this relatively short interval. Although a follow-up length of several years would certainly lead to a higher incidence of clinically important cognitive declines, only one RCT (31) lasted more than 1 year. Fifth, all but one (30) of the included RCTs have not been designed to respond to the outcomes of this review, and none provided information on the cost-effectiveness of the exercise intervention in the context of cognitive outcomes. The two RCTs (19, 31) including people without known cognitive impairment have assessed participants' baseline cognition using a neuropsychological test. Although, in the LIFE study (31) , potential cases of cognitive decline were evaluated by a panel of clinical experts in order to determine MCI and dementia, the study by Muscari et al. relied only on the MMSE cut-off < 24 as the cognitive exclusion criterion; therefore, regarding this latter A sensitivity analysis on dementia onset was undertaken by adding Muscari et al.'s data described at "clinically meaningful cognitive decline" as "dementia onset".
b For Sink et al., data on dementia and MCI onset were summed to compose the "All outcomes combined".
RCT, it is possible that some participants have already had an undiagnosed clinically relevant cognitive decline (eg, MCI) at baseline, even though participants' baseline MMSE scores were high (around 27) and similar between study groups. This study has also strengths that are worth mentioning: the overall quality of the included studies can be considered high; of note, no significant differences between exercisers and controls have been found for cognitive function at baseline for all RCTs and all, but one RCT (29), had similar PA/exercise levels between study groups at baseline. Moreover, the protective effect of exercise against dementia onset obtained in a fixed-effect sensitivity analysis deserves to be pursued; therefore, rerunning the meta-analysis when new data from other RCTs will be available will be a crucial step to draw robust conclusions on the potential of exercise for preventing dementia onset. Another important aspect to be highlighted relates to the fact this review has proven that combining data for well-led RCTs of a behavioral intervention (ie, exercise) is feasible and may lead to informative findings (even though methodological barriers exist, such as, paucity of large-scale, long-term RCTs); indeed, due to the high costs associated with cognitive decline and dementia (36,37), providing evidence on the 1-year reduction in the incidence of this disease represents a major information with important implications from a public health perspective.
Dementia is an evolving disease that may start decades before any clinical symptom is appraised (38) . For this reason, the associations of PA and exercise with dementia onset and other clinically relevant cognitive outcomes have been traditionally examined using longitudinal observational studies (1-4) , with inherent limitations, particularly the impossibility of establishing causality inferences. Even though examining the preventive effects of exercise on dementia onset may be beyond the full resolution by RCTs (difficulty in conducting and maintaining high adherence to exercise interventions lasting several years), data from long-term RCTs are useful and may provide essential cause-effect information. Further well-conducted, long-term exercise RCTs are still needed. In order to establish more precise recommendations on PA and exercise, future RCTs should investigate the best exercise regimen (ie, type, frequency, intensity, and duration) for preventing clinically significant cognitive decline and if the potential cognitive benefits of exercise would be more effective in "at-risk" subgroups (eg, APOE4 carriers vs no-carriers (39)); such information might lead to tailored interventions with increased efficacy. Cost-effectiveness analysis should be carefully examined in order to promote sustained exercise programs in the current public health context characterized by limited resources. If, after the addition of future high-quality RCTs, the scientific community finds a positive effect of exercise in reducing the risk of dementia, exercise training should definitively make part of the front-line treatment for the prevention of cognitive decline and dementia.
Supplementary Material
Supplementary data is available at The Journals of Gerontology, Series A: Biological Sciences and Medical Sciences online.
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